Domestic wastewater represents a considerable feedstock for organics but the high dilution makes their 23 recovery typically unsuccessful. Here we investigated three routes to 10-fold concentrate the organics 24 using Forward Osmosis (FO) (Draw solution (DS) 2.2 M MgCl 2 ): directly on domestic wastewater, A-25 sludge, or secondary sludge, with the end goal of increasing volatile fatty acid (VFA) yield from 26 subsequent 9-day fermentation tests. Forward osmosis concentrated the total COD by a factor of 8.2 ± 27 1.2, 10.1 ± 2.4 and 4.8 ± 0.2 with respect to the raw streams of wastewater, secondary sludge and A-28 sludge. The soluble fraction of the COD was concentrated up to 3.5 times in the A-sludge and 2.1 times 29 in the secondary sludge; the result of a combined effect of the chemical action of Mg 2+ (diffused from 30 the DS) on sludge disaggregation and cell lysis, and the physical action of recirculation and air-scouring 31 of the A-sludge in the FO-unit. 32
Abstract 22
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The FO-concentrated A-sludge produced 445 ± 22 mg COD-VFA g -1 COD fed , which was 4.4 times 33 higher than for the untreated A-sludge. No VFA were produced from untreated secondary sludge, but 34 after FO-concentration 71 ± 5 mg COD-VFA g -1 COD fed could be reached. Due to the low organics in 35
Introduction 44
The global domestic wastewater production is estimated at 330 billion m 3 annually [1] . Significant 45 research efforts are focused on the recovery of water and nutrients [2] from this waste stream and 46 particularly in the conversion of the organic fraction into energy as biogas. Recently, an alternative route 47 was developed whereby these organics are converted into volatile fatty acids (VFA), which are building 48 blocks for a multitude of valuable products such as biopolymers [3] , medium or long chain fatty acids 49
[4] and biofuels [5] . However, the generally low organic content of domestic wastewater (< 600 mg L -50 1 ) hampers efficient recovery, and is one of the main limitations in developing feasible bioproduction 51 sufficiently high VFA production for extraction (> 5 g L -1 ) and further valorization into high value 70
Fermentation experimental procedure 116
Fermentation batch tests were carried out in triplicate with fermentative inoculum as described in SI. 117
The 3 feed substrates were fermented before and after FO-concentration. A-sludge was also fermented 118 after anaerobic FO-concentration. To avoid overloading of the fermentation tests by organics, different 119 substrate quantities were tested according each feed concentration as defined in Table S1 . 120
To assess the reasons for changes in VFA production before and after FO-concentration, extra 121 experiments were carried out: the effect of sludge concentration, aeration during FO-concentration, RSD 122 or a combination of these effects was evaluated towards changes in soluble COD in the substrate and 123 VFA production. To this extent, the raw A-sludge and the gravity-concentrated A-sludge (obtained 124 removing the liquid volume above the sludge settled over night at 4 °C) were subjected to three different 125 Air bubbling (flow 0.6 L min -1 , the same used during the FO); 131 iv)the experimental condition (e.g., GC-ASM, etc.) as a categorical predictor. A random intercept effect 141 was incorporated for each replicate analysis. All models were first checked for normal distributed 142 residuals (Shapiro Wilks test and QQ-plots) and homogenous variance (Levene's test). Parameters were 143 estimated by the maximum likelihood method. Posthoc analysis was performed in case of a significant 144 treatment effect (p < 0.05) by Tukey's all pair comparison method. Pair-wise comparisons were 145 considered significant for p < 0.01. 146
Results and Discussion 147
3.1 Concentration of sewage and sludge by FO 148
Dewatering performance/flux behavior in FO 149
The goal of the FO treatment was to concentrate the different substrates and produce a concentrate rich 150 in organic carbon for fermentative VFA production. To this end, A-sludge, secondary waste activated 151 sludge (WAS) and domestic wastewater were concentrated 10-fold by FO in batch mode. 152
During FO concentration, the water flux across the membrane decreases over time due to fouling and 153 increased salinity build-up on the concentrate side. The flux profile obtained for the different feed 154 solutions is shown in Figure 1 . Repeated experiments for the respective feed solutions (n = 3) yielded 155 similar flux behavior ( Figure S2 ). Despite the relatively similar conductivities of the different substrates, 156 the initial fluxes, defined as the average flux during the first 2 hours of FO concentration, were 11.4 ±SS of all feeds. Moreover, the sCOD content of A-sludge, and the sCOD/tCOD ratio (1.25 ± 0.02 g L -1 168 and 15 %, respectively) were higher than that of secondary sludge (0.22 ± 0.01 g L -1 and 5 %, 169 respectively) (Table 1) . Thus, we hypothesize that a combination of a fast formation of a dense fouling -170 layer on the membrane, combined with cake-enhanced concentration polarization caused the initial 171 lower flux during A-sludge FO-dewatering. The latter is due to the dominance of small, soluble/colloidal 172 organic compounds which potentially impart extra osmotic pressure in A-sludge, caused the initial lower 173 flux of A-sludge during FO-dewatering. In the case of secondary sludge, the sludge flocs could aid in 174 scouring the membrane surface and in sequestering the soluble organics, thus leading to less fouling (or 175 potentially a cake with less hydraulic resistance). Wastewater had the lowest VS/TS ratio (38 %) but the 176 highest sCOD fraction of tCOD (25 %) (Table 1) . Similar conditions were found by Lutchmiah et al. 177
[18] who reported a 20% reduction of the initial dewatering flux from DI water to wastewater. It is likely 178 that the dominance of small, soluble organic compounds in wastewater caused the rapid formation of a 179 gel layer on the membrane and a higher osmotic pressure in the proximity of the membrane, resulting 180 in a lower initial flux compared with that of secondary sludge. 181
For both A-sludge and secondary sludge (containing higher solids concentration), the initial flux 182 remained stable for the first 5 hours of filtration, after which the flux declined linearly for all repetitions 183 ( Figure S2 ). Flux decline rate for the secondary sludge (0.302 ± 0.005 LMH h -1 ) was twice that of the 184 A-sludge (0.114 ± 0.029 LMH h -1 ), which might be related to the higher initial flux of the secondary 185 sludge. It was visually observed that the secondary sludge thickened to a highly viscous mixture by the 186 end of the FO concentration. This caused the formation of a thick cake on the membrane, which inhibited 187 further sludge dewatering depicted by a profound flux decline in Figure 1 . The A-sludge did not become 188 viscous and the final flux decline was less pronounced, but FO-dewatering lasted longer than that for 189 the secondary sludge to reach the same 10-fold concentration (28.1, 29.7 and 37.3 hours for secondary 190 sludge, wastewater and A-sludge, respectively (Table 2) 
Concentration of inorganic/organic compounds by FO 195
The concentration ratio of the organics during FO was determined as FO-concentrated COD to feed 196 COD. As a 10-fold volume reduction was reached, the same theoretical organics concentration ratio was 197 expected, assuming that no organics are transported through or adsorbed onto the membrane, converted 198 into biomass or mineralized. The COD concentration ratio was only 8. however, wastewater typically does not contain an enriched population of organisms able to degrade 211 organics, which are present in sludge [7, 9, 24] . 212 FO concentration in general caused an increase in the dissolved compounds content of the feed streams, 213 which is caused both by concentrating the initial feed solutes in a smaller volume and by diffusion of 214 draw solutes into the feed. This can be seen in Table 2 , where both conductivity and Mg 2+ content of the 215 feed streams are shown. The conductivity of the feed streams increased from about 1.5 to about 30 mS 216 cm -1 in the case of wastewater and A-sludge, and to about 20 mS cm -1 in the case of secondary sludge. 217
The measured conductivity of the concentrates does not relate well to the MgCl 2 concentration measured 218 on filtered samples by ion chromatography (IC). Apparently, the different types of flocs in the different 219 types of sludge appeared to be specifically adsorbing different amounts of Mg
2+
. This became clear by 220 freezing and thawing concentrated secondary sludge, which caused the conductivity to increase from18.2 to 51.3 mS cm -1 after thawing, indicating that MgCl 2 was sequestered by EPS or intracellular 222 uptake, which was subsequently released by lysis of the sludge structure when freezing-thawing. As a 223 result, no clear correlations can be seen between flux decline and measured Mg 2+ concentrations. 224
Identifying organic loses during FO concentration 225
During FO concentration of A-sludge, half of the incoming COD was lost, almost twice as much as in 226 thus clear that a continuous scouring of the membrane, using alternative techniques in combination with 244 N 2 :CO 2 (9:1) gas bubbling, is needed to prevent flux decline. However, a continuous flow of oxygen 245 free gases would increase the operational cost of the system, and just using air (as in the aerobic FO-246 dewatering) will result in COD-loss. Alternative scouring systems, such as (osmotic) backwashing, 247 relaxation or periodic air bubbling should be considered.
Effect of FO-concentration on fermentation 249

Fermentation yields of the different streams 250
High initial organic matter content is needed to obtain high VFA production [6] . Fermentation batch 251 tests were performed on all the streams (domestic wastewater, secondary sludge and A-sludge) as well 252
as their FO-concentrates to assess if the application of an FO system after a CAS, an A-stage or directly 253 to the domestic wastewater could improve VFA production and yields. During fermentation tests, 254 maximum VFA production was obtained between day 4 and 7 followed by a decrease in product 255 concentrations due to conversion of VFA to methane. 256
No notable VFA production occurred for domestic wastewater, either before or after the FO 257 concentration. To maximize the available organics for VFA production from the domestic wastewater, 258 the organic load during fermentation was increased by 6 times compared to the initial test (Table S1) , 259 but again no notable VFA production occurred (Figure 2 ). The tCOD after FO-concentration of the 260 domestic wastewater was 1.08 ± 0.08 g L -1 and the sCOD was 0.24 ± 0.01 g L -1 . This concentration was 261 insufficient to sustain the growth of the microorganisms and, to a lesser extent, allow substantial 262 production of VFA or CH 4 . Higher concentrations still might be needed in order to produce VFA from 263 FO-concentrated domestic wastewater, however this would further increase contact time in the FO, 264 le ading to more draw solutes leaking and increased conductivity. Such highly conductive feedstocks 265 could be used for VFA accumulation as conductivity above 30 mS cm -1 negatively affects 266 methanogenesis while acetogenic bacteria still produce VFA at high salt concentrations De Vrieze et al. 267
[26]. However, an economic assessment would be required as draw solute leakage comes at a cost. It is 268 unknown whether other factors, such as accumulation of toxic compounds, could also play a role in the 269 observed lack of VFA production. 270
Fermentation of the FO-concentrated secondary sludge led to a production of 71 ± 5 mg COD-VFA g -271 1 COD fed after 7 days, corresponding to 7 % of COD converted into VFA. No notable VFA production 272 occurred for the raw secondary sludge. The digestion efficiency of the secondary sludge and the VFA 273 yields produced during fermentation are low compared to substrates typically used in fermentation. Thisis mainly due to the high sludge age and the extent of oxidation [6, 8] 
Factors affecting improvement in fermentation capacity 287
FO-concentration of the two sludge types increased their overall COD as well as the sCOD concentration 288 (Table 3) . For secondary sludge the increase corresponded to 10.1 ± 1.0 % sCOD/tCOD while for A-289 sludge, this rose up to 30.4 ± 1.9 % sCOD/tCOD. Two main reasons why FO-concentration increases 290 the sCOD fraction might be a sort of physical pretreatment by the recirculation through the peristaltic 291 pump (for 37.3/95.4 hours), as well as the shear force of the continuous air bubbling in the feed 292 compartment. Because of this improvement on sCOD fraction and overall increased organics content, 293 specific VFA production improves after FO-concentration of sludge. 294
During FO, water molecules follow the osmotic gradient from the FS to the DS; likewise the ions 295 contained in the DS can migrate to the FS. One of the hypotheses we put forward in this manuscript, is 296 that the draw solute used for the dewatering might also have an impact on fermentation through 297 improved hydrolysis. A high concentration of cations such as Mg 2+ (Table 2) facilitates the formation 298 of single-cells which are more sensitive to lysis by spontaneous disaggregation from the floc structure 299
[27] (hypothesis further evaluated in the next sections). Furthermore, several ions can also interact withFinally, an increased concentration of the sludge can enhance the hydrolysis due to overload shock [29] . 303
The increased organic loading can also lead to the accumulation of carboxylates, which are crucial in 304 inhibiting methanogenesis, increasing the overall VFA accumulation [30] . 305
Fermentation product speciation linked to stream composition 306
A different VFA speciation was found for the different streams and also for the same stream before and 307 after the FO-concentration (Figure 3 ). In case of the A-sludge before FO, acetate was the most abundant 308 VFA formed after 4 days of fermentation (60 ± 3 %) besides 26 ± 3 % propionate and 9 ± 0 % isovalerate. 309
In the FO-concentrated A-sludge, the proportion of acetate dropped to 24 ± 4 % after 4 days of 310 fermentation, with propionate increasing to 43 ± 3 %. Moreover, a larger proportion of longer chain 311 fatty acids was produced after 4 days of fermentation for the FO-concentrated A-sludge compared to the 312 non-concentrated sludge, 4 ± 0 % isobutyrate, 7 ± 0 % butyrate, 8 ± 0 % isovalerate and 8 ± 0 % valerate 313 which shows an impact of higher loading. 314
Similar VFA speciation was found for the anaerobically FO-concentrated A-sludge, with 31 ± 0 % 315 acetate and 35 ± 0 % propionate present after 2 days of fermentation. The proportion of longer chain 316 fatty acids also increased with 6 ± 0 % isobutyrate, 10 ± 0 % butyrate, 11 ± 0 % isovalerate and 5 ± 0 % 317 valerate, for anaerobic FO-concentration of A-sludge, confirming again that the application of FO may 318 lead to the accumulation of longer chain fatty acids again due to increased loading. For the FO-319 concentrated secondary sludge, acetate and propionate were the main VFA formed, at 46 ± 3 % and 18 320 ± 0 % respectively, which is similar to the raw A-sludge with approximate sCOD fractions of that of 321 secondary sludge (14.9 ± 0.7 % and 10.1 ± 1.0 % sCOD/tCOD, respectively (Table 3) ). FO-concentrated 322 secondary sludge fermentation also led to the production of longer chain fatty acids, at 6 ± 0 % 323 isobutyrate, 7 ± 0 % butyrate and 13 ± 0 % valerate after 4 days of fermentation (Figure 3) . 324
Production of CH 4 at day 4 was relatively low for the FO-concentrated streams with 7 ± 2 mg COD-325 CH 4 g -1 COD fed (9% initial COD) for secondary sludge and 29 ± 3 mg COD-CH 4 g -1 COD fed (5% of initial 326 COD) for the A-sludge, while 6 ± 1 mg COD-CH 4 g -1 COD fed (6% of initial COD) was obtained with 327 the raw A-sludge (Figure 3) . The use of an FO-system to concentrate A-sludge and secondary sludge 328 thus seems to promote the production of more VFA with a higher proportion of longer chain fatty acids(C 4 -C 5 ), but not improving the conversion of VFA into methane. The increased organic loading together 330 with the increased conductivity reduces the acetoclastic activity of methanogens and thus leads to higher 331 VFA production and accumulation [28, 30, 31] . 332
Effect of FO operational conditions on fermentation 333
FO-concentration of both secondary sludge and A-sludge increased VFA yields, from 0 to 7 % and 10 334 to 45 %, respectively. To understand whether the main reason for this was 1) the increased organics 335 concentration due to dewatering, 2) the enhanced hydrolysis of the organics by RSD, 3) enhanced 336 breakdown of the cells due to the air scouring, or 4) any combination of these phenomena, 9-days 337 fermentation batch tests were performed as described in section 2.3. The effect of the increase in 338 25.0 % (with low salt) and to 27.5 % (with high salt), respectively (Table 3) . However, production of 347 VFA staid constant at 265 ± 3 mg COD-VFA g COD fed with low salt addition and only 177 ± 5 mg 348 COD-VFA g COD fed were produced by increasing the MgCl 2 up to 28.4 g L -1 (Figure 4) . For all the 349 other conditions tried VFA production was lower than that of untreated A-sludge. Thus, for the non-350 concentrated A-sludge, neither MgCl 2 addition nor aeration nor the combination of these could explain 351 the increased VFA production resulting from the FO-concentration. 352
Gravity concentration of the A-sludge did not improve the VFA yield. Only 196 ± 13 mg COD -VFA g 353 COD fed (corresponding to 20 % yield) were produced by fermenting gravity-concentrated (GC) A-354 sludge, significantly lower (p < 0.01) than the yield obtained from non-concentrated A-sludge (aroundthe supernatant rich in sCOD after settling (Table 3) , but consequently the sCOD/tCOD ratio was 357 reduced from 19.0 to 13.1 % (Table 3 ). This is due to the fact that after gravity concentration the 358 wastewater rich in biodegradable organics (sCOD/tCOD 26.7 % (Table 3) ) was removed and only the 359 sludge settled at the bottom, which is more difficult to hydrolyze, was used for the fermentation. Adding 360
MgCl 2 to the GC-A-sludge increased the sCOD/tCOD ratio somewhat from 13.1 % to 16.1 % (Table 3 ) 361 resulting in a VFA yield of 248 ± 7 mg COD -VFA g COD fed (25 %), significantly higher (p < 0.01) 362 than that of GC-A-sludge (20 %) (Figure 4 ). This indicates that bringing the concentrated sludge in 363 contact with a relatively high concentration of salt (7.1 g L -1 ) causes some disaggregation of the sludge 364 flocs and enhances the hydrolysis of the cells as reported by Chen et al. [28] . Again, although raising 365 the MgCl 2 up to 28.4 g L -1 increased the sCOD/tCOD ratio from 13.1 % to 14.2 %, only 158 ± 1 mg 366 COD -VFA g COD fed were produced (significantly lower than that of GC-A-sludge with p < 0.01). High 367 conductivity (< 40 mS cm -1 (Table S2) ) might be affecting batch fermentation. 368
Aerating the GC-A-sludge for 37.3 hours decreased the sCOD/tCOD ratio (from 13.1 % to 10.8 %) due 369 to COD uptake for biomass growth. Combination of aeration and salt addition (7.1 g L -1 MgCl 2 ) resulted 370 in increased sCOD/tCOD ratio to 12.6 %. Combining GC-A-sludge with aeration produced 197 ± 2 mg 371 COD -VFA g COD fed , and with aeration and 7.1 g L -1 MgCl 2 production was 210 ± 1 mg COD -VFA g 372 feed compartment. This leads to disaggregation of the sludge flocs promoting cell lysis. This hypothesis 384 was further investigated in the next section. 385
Effect of FO-concentration on cell lysis 386
The number of intact planktonic cells and permeabilized cells, thus damaged by lysis, in the GC-A-387 sludge and the FO-concentrated A-sludge was determined with a live/dead staining coupled to flow-388 cytometry. These measurements were performed to confirm the hypothesis that FO facilitated breakage 389 of sludge flocs and cells ( of FO on the breakage of the sludge, which ultimately resulted in increased sCOD and increased VFA 432 production yield. 433
Economical assessment 434
Replacing thickening with a more compact FO-concentration will lead to higher VFA conversion 435 efficiency (from 20 % to 45 %) but also to additional cost. To assess the economic viability of the 436 proposed technology, three scenarios were considered, comparing the use of either 2.2 M MgCl 2 or 437 seawater (0.5 M NaCl) as DS in the FO, to the scenario with a settling (thickening) based AB-system. 438
The costs for the technologies and their references are listed in Table S4 and a description of theassumptions made to calculate capital expenses (CAPEX) and operational expenses (OPEX) is given 440 in section S4 (SI). 441 Table 4 then gathers the scenarios, where it can be seen that the CAPEX for the 2.2 M MgCl 2 FO-442 system is 0.79 € m -3 sludge and for the seawater 1.06 € m -3 sludge (due to the lower driving force and 443 higher membrane requirement). For the OPEX only the specific energy consumption (SEC) needed for 444 reverse osmosis (RO) reconcentration of the DS was considered (section S4, SI) and was as such 445 calculated only for the scenario with 2.2 M MgCl 2 (0.67 € m -3 sludge) -it was assumed that when 446 using seawater as DS, the seawater is discharged back into the ocean. RO drinking water production 447 from this seawater might be possible, and might lead to a lower total cost (as the income of the 448 drinking water needs to be taken into account). Hence, the total costs (OPEX + CAPEX) for FO-449 (Table 4) . (Table 4) . However, these calculations are based on current generation of FO 459 membranes in the market. Considerable research is currently aiming at novel FO-membranes with 460 increased water flux (LMH) during FO, reducing the CAPEX and therefore increasing the total profit. 461
In fact, several of these membranes are already close to commercialization [33] . In addition, it has to 462 be stated that, the use of FO system over conventional thickening for the sludge concentration has the 463 advantage of a smaller footprint at WWTP level. 464
When sea-water is used as DS, the total profit amounts to 1.30 € m -3 sludge (0.17 € kg -1 sludge), higher 465 than that of the other scenarios considered but still underestimated. Indeed, for this scenario the sameconcentration of NaCl is 4.4 times lower, longer time would be needed to arrive to the same 10-fold 468 concentration. This would result in higher sCOD/tCOD of the FS compared to that reached with 2.2 M 469
MgCl 2 and therefore it would allow higher VFA production. On the other hand, the effect of Na + on 470 cell lysis and sCOD increase and its effect on the subsequent fermentation should be further 471 investigated. 472 3.7 Strategies to further increase VFA production after A-sludge FO-concentration 473 FO-concentration of A-sludge increased the VFA conversion efficiency from 10 % to 45 % (4.4-fold), 474 which is higher than previously reported [11] . It has been described that high salinity and high 475 conductivity (above 30 mS cm -1 ) negatively affect methanogenesis while acetogenic bacteria can 476 acclimatize to high salt concentration and produce VFA [34] . FO-concentration of A-sludge could be a 477 strategy to increase VFA production (sections 3.4 and 3.5) and, inhibit methanogens due to RSD, thus 478 allowing VFA accumulation in a continuous system. 479
Conversion efficiency up to 70 % has been reported during A-sludge digestion [10] suggesting that the 480 potential for VFA production from A-sludge should be higher. Methodologies such as the use of acid 481 or alkali pretreatment [35, 36] and/or thermal pretreatment [6] and the application of alkaline pH to the 482 fermentation are reported to increase VFA production from sludge [37, 38] . Particularly, alkaline 483 conditions increase both hydrolysis and acidification rates and also increase solubilization of 484 carbohydrates and proteins, main components of the sludge, resulting in higher VFA production [39] . Table 4 : Cost analysis for the Forward Osmosis (FO) concentration and of A-sludge (average concentration of 7.5 g COD L -1 ) by using either 2.2 M MgCl 2 or sea-water (NaCl 0.5 M) as draw solution. For the former Reverse Osmosis (RO) was considered for the reconcentration of the DS and relative costs were included. Profit gained for the VFA production of either FO-concentrated or A-sludge concentrated by thickening are calculated considering a conversion efficiency (mg COD-VFA g -1 COD fed ) of 45 % for the FO-concentrated A-sludge and of 20 % for the thickened A-sludge. Costs and profits are reported as ratio of € for m 3 or kg of raw A-sludge (CAPEX capital expenses, OPEX operational expenses, SEC Specific Energy Consumption). Total profits (balance) are calculated as difference between the net for the VFA for the technology and the total costs (OPEX+CAPEX) of that technology. 
